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SUMMARY’ OF SECTION DATA ON TRAILING-EDGE HIGH-LIFT DEVICES

By ~ONES F.CHLL

SUMMARY

il wmrnary has been made of atailable data on the charac-
teristic of airfoil sections un”th trailing-edge high-lijt dein”ces.
Data for plain, 8PM, and slotted$aps are collected and analyzed.
TTw efecta of each of the rariables inrolred in the design of the
ram”oustypes of$ap are examined and, in case~ where .wj’kient
data are giren, optimum con$gurations are deduced. Blererer
possible, the efecti of airfoil section, Reyno[d8 number, and
leading+dge roughnew are shown. For ~ingle and double
slotted jiaps, where a
abk, maximum lifi
pre$ented in tables.

large amount of unrelated data are arail-
coqj%ienk of many configurations are

INTRODUCTION

.%rather large amount of data on the section aerod~amic
chmacteristics of traihg-edge flaps has been obtained during
the course of the Iast se-rerd years. Some of the data has
been obtained as a part of a generaI program on the in-wstiga-
tion of these characteristics: but a large amount, particukdy
that. obtained during the war, has of necessity been directed
toward the development of high-lift devices for specific air-
planes and, as a At, is generally unrdated to the o~er-aII
program. This report is prepared with a view of collecting
and correlating, insofar as possible, the data that are a-mil-
able for the purpose of providing a guide for the seIection
of the type or size of h~h4ift device for specitlc applications
and for showing, if possible, means for predicting the char-
acteristics of configurations which have not been specifictiy
tested.

In some few cases, the only data avaiIable to show the
effects of fundamental flap design pm-ametem vrere obtained
on rectangular wings of constant section and of aspect ratio 6.
In aII other cases, only section data have been included
in this report, both in an attempt to keep the size of the
report belovi a reasonable limit. and because of the fact. that
the apphcation of the section data to Enite span wings can
be considered a separate problem. For this reason, no data
we shown on the effects of flap tips, on cut-outs, on fuselage
interference, or on slipstream effects. hTo detailed analyses
have been made on the effects of the flap chmacteristics
on the performance of airphmea.

Although the requirements of good high-lift devices are
fairly welI known, a short summary of the more important
characteristics is presented herein. The increase in maximum
lift coefficient is the primary function of flaps; and, generally,
the effects of flaps on other characteristics must be considered
as secondary results of this increase in maximum lift.

Flaps and other high-lift devices were fit put. into use for
landing airplanes in smti airfields with nearby obstructions
without penahzing high-speed performance. The recent use
of higher and higher wing loadings has made the need for
these devices even more acute and has presented the necessity
for using high-Iift devices during t alie-off as VW&as landing
For take-off, a high maximum Iift is desirable but must be
accompanied by Iow drags. For landing, the highest maxi-
mum lift possible is desirabIe for decreasing the landing speed,
and some additionrd drag is useful for steepening the glide
path for landings over high obstructions. Recent flight tests
(reference 1), however, have shown that the piIot’s judgment
is seriously impaired if the rate of descent durhg landing is
greater than about 25 feet per second. Too high a drag
coefficient therefore camot be tolerated.

In addition to these fundamental requirements, the flap
shouId be such that in its retracted position it adds as Iittle
as possibIe to the drag of the wing. High pitching-moment
coefficients me nndesirabIe both because of the structural re-
quirements of the wing and because of the fact that the down
load on the tail required to trim out the pitching moment
detracts from the Iift of the wing. Ikrw aerodynamic loads
on the flaps are desirable both from strength considerations
and operating requirements. Both the pitching moments
and the flQp Ioads are a direct result, however, of the same
phenomena that produce the lift, and very Iit tIe can be done
to reduce either of these for a given type of flap.

SYMBOLS

c airfoil chord
z distance along airfoiI chord
c= sIot-lip extension, dist ante along chord Line

from leading edge to end of slot lip, fraction
of ailfOti chord

Cf/c flap-chord ratio
C,fc vane-chord ratio
tfc airfoiI thickne= ratio
c. lift coefficient

c’=.= ma-ximum lift coefficient
c1 section Iift coefficient
c[~ design section lift coefficient
c1 maximum section Iift coefficient
G:=, increment of maximum section lift coefficient

AcrmazOP, optimum increment of ma..imum section lift.
coefficient, higheat maximum lift coefficient
measured for a given airfoiI-ff ap combination

!z stream dynamic pressure
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coefficient of pressure difference across airfoil
(Sv–& where Su and S. are surface pres-
sure coe.ilicients on the upper and lower
surfm.e-s of the airfoil at a givcm point along
the chord)

variation of hinsze-moment coefficient with

()-1 Oh
flap deflection ~ ~

variation of tinge-moment coefficient with lift
caefficied. (dcJdcJ

variation of flap normal-force coef%cient with
flap deflection (dc#6)

variation of flap normal-force coefficient with
lift coefficient (G?Cm/dCJ)

drag coefficient
section drag coefficient
section pitching-moment coefficient

flap section moment eoeflicient

flap section hinge-moment coefficient

flap sectioD chord-force coefficieu~

flap section normal-forco coefficient

increment of flap section normal-force
eoefllcient

flap deflection
vane deflection

vane section. moment coefficient.

vane section chord-force coe5cient

vane section normal-force coefficient
horizontal and vertical positions of flap leading

edge (figs. 24 and 40)
horizontal and vertical positions of vane lead-

ing edge (fig. 40)
ratio of incremental pitching-moment tioef-

ficient to incremental section lift coefficient
caused by flap deflection

Reynolds number
aspect ratio
section angle of attack

FLAP THEORY

The basic theoretical treatment of the effects of flaps on
the characteristics of airfoils was made by Glauert (references 2
and 3) by an extension of the thin-airfoiI theory. This
analysis led to expressions by which the lift, pitching mo-
ment, and flap hinge moments can be calculated. This
thin-airfoil theory gives the value of the pressure difference
at any point z along the chord for the airfoiI with flap
deflected in terms of the stream dynamic pressure q as:

sin, (a+~fi)+~’asin~~stin’
~=4(l+cos e)

and for the flap neutral case:

~1=4(l+cos 8)
sine a

The incremental load distribution caused by flap dcflcciion
is then

where

()8=COS+ 1 –:

a angle of attack mmsurcd to undeflccted part of rhord line
x distance along chord from leading edge
80 value of 8 at flap hinge
Cos (?0=—(1–2E)

ain e,=24El?

II ratio of flap chord to total airfoil chord (cJc)
6 flap cleflection

Definitions of the. ptirameLols a, 6, and E are shown in figure 1.
This incremental Ioad distribution may now be considcrccl
as the sum of two components, an itwremrnt al addit iomd
distribution and an incremcnttil basic distribution; thus,

and

( ~ 8 sin m%sin ntl ~
)

P,J= ~ —-”-nu——
n-l

The load distribution PaJ maybe seen to bc idcutical with the

load distribution caused by changes in the anglc of attack
of the plain airfoil and indicaL~s n ehangc in idml tmglc of

attack equal to ~ (~–60)t caused by the flap Mcclion &

Glauert’s expression for the lif L increnwnt (at constant angle

of attack) caused by dcflcc%ion of a flap is

which. may also be broken up into the components

~ba=2(r—eJ6

rmd

cba=2 sin 0.8

The values of the prmure-difference coefllcients for uflit

Fmw 1.–DcJIuMcMof raramctem usedIn tlap thctw.
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incremental lift coefficient may then be expressed as

and

which may be reduced to

The thin-airfoil theory indicates that these increments in
load distribution vi-ill be the same regardIeas of the originaI
shape of the mean line. From these equations, therefore,
the theoretical incremental load distribution may be cal-
culated for any airfoil section equipped with a plain flap.

The pitching-moment increment has been deri-red by
Glauert as

For convenience in analysis, the pitching-moment. increment
caused by flap deflection is frequently expressed as a func-
tion of the lift increment caused by flap deflection. The
ratio of pit thing-moment increment to lift-coefficient- incre-
ment provides the relation

This equation shows that the ratio of pitching-moment-
coefficient increment caused by flap deflection to lift-coefficient
increment. caused by flap deflection is a constant. for any
given flap and is a function onIy of the flap-chord ratio.

The hinge moment of the flap was determined by con-
sidering onIy that part of the load over the flap itseIf and
results in the equation

Ch=; cz–2b6

where

$=+[(;-~).’m-(:-’~)(coso,m)]m)]

[ 1O-E) ;_cos-,lq_Tr~

Values of 61/al and 6 are shown plotted against-flap-chord
ratio E in figure 2.

In reference 4, Ptierton developed equations for the
normal-force coefficient. on a defleottwl flap on the basis of
the thin-airfoiI theory by integrating the load distribution
over the flap. This integration results in an equation for

the flap normal force simiIar to Glauert’s equation for the
flap%iige moment:

. c=t=q&[—7@

where
2

(r–&–sin &)
~o=r(l+cos (?0)

4
~=r(l+cos 190){

Sin*eo(l+Cos 80)+

25
[ 1sin&sin ndOcos nf?~ cos & sinzntlo )—

n-2 nz— 1 7b(n2—1.) j

ii general summation of the series term in the expression for
q has not been found so that approximate methods of cal-
culation have been used to caIculate these values. VaIues
of v and Toare show-n plotted against E in figure 3.

An exam.ina tion of GIauert’s equations for the load dis-
tributions caused by deflection of a plain flap indicates that
infinite pressures are encountered both at the leading edge
and at the flap hinge. A better indication of the actual flow
conditions could be obtained if the pressure distributions
were calculated by the thick-airfoiI theory of Theodorsen
(reference 5). This process, however, is e.-.-t.reme~ylaborious
and breaks down just as the thin-airfoil theory does when
the flow separates from the airfoil. In reference 6, a method
has been derived by AMen for rapidly computing the load
distribution over airfoils with flaps. This method is based
on an empirica~ relation between the theoretical load distri-
bution and experimentally determined vahm. For all flap
deflections at which the flap is unstaIIed, a single rehit ion was
found to apply; but at higher deflections, a difTerent relation
must be used for each flap angle. In the application of this
method, the load distribution is rdated directly to the lift-
coefficient increment rather than the flap defection which
was used in G1auert’s theoretical treatment. The flap deflec-
tion is important ordy at high deflections where it determines
the shape of the empiricaI relation between the theoretical
and e~erimental results. The Mt-coefficient increment
must be determined from force tests, and the division of the
lift- increment between incremental additional and incremen-
tal basic components is accomplished by the use of the
experimental pitching-moment increment and empirically
determined locations for the centroid of the incremental basic
load.
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Ffap-chew-a’ ra?ll E

FIIWU’E#.–IUctom Qfind ?CIn eqnatfon for flap normal-forcemefihlentn.
Refwenea 4.

Data required for the application of this method to the
determination of load distributions are the lift and the
quarter-chord pitching moments at a given angle of attack
for the airfoil with the flap both retracted and deflected, and
the cIass of additional distribution to be used. The class of
additional distribution to be used for conventiomd airfoil
sections is given in reference 6 and computed additional
distributions (in the form Av./lT, the nondimensional local
increment of velocity caueed by additional type of load
distribution) for a number of NA~A sections,” both convent-
ional and low drag, are given in reference 7.. The lift and
moment coefficients given are assumed equal to Cal, c~l,
Cna,and c~9 as shown in figures 4 (a) and 4 (b). The assump-
tion is made that the normal force and pitching moments
corresponding to the distribution of figure 4 (c) are not
signitlcantly different from those of figure 4 (a). Then
(fig. 4 (d)):

Ac~=c~z—cm,

Ac==c.z—cal

COMMITTEE FOR AERONAUTICS

These incremental coefficients are then converted to COcffL-

cients corresponding to the distribution shown in figure 4 (e)
by means of the following equations:

At.’ = T=AC.

Aca’= Ac. + rnAcm

The factors r. and r= arc giwm in tables V and VI of ref-
erence 6. The incremental basic norrnal-force distribution is
responsible for the entire increment al pi tching-momm t
coefficient, Ac~’ and the magnitudo of the incrrmcmbd Imsic
normal-force caefficicnt is therefore dctrrminul from the
equation

AcmtcnbJ=7

where (? is equal to the distance of the centroid of L11O
incremental basic normal-force distribution from the qutwLm-
chord &Kisand is given for various fitip-chord ratios uml fltip
deflections in table IV of rcfmencc & The incrwncn[til
additional normal-force coefllcicnt is then equal to:

The vahms of the pressure-diflcrence coefficient in terms of
the sLr.eam dynamic pressure g may then be obtnincd from

and

and the values of PsJ/cB~t and P~Jcti~J arc obtained from

reference 6 or 7. It is shown in rcferenco 6 that the values
Of PbJ/c~J and d ChUngC with a chango k flap dd_b2CLi0n;

whereas, the thecny would indicwte tlml these values should
be independent of ffap Mlection for a given flap-chord
ratio. These c{iflerences are caused by the fmt that d.mvc
a deflection of about 15° the flow begins to sepmatc at [lw
flap hinge. The values in the range whcro no scpmai ion
is encountered are the same regardless of flap MM ion.
The vahle of 150 as a limit for tho flap dell ection where
unseparated flow exists should be nsed with ctiut ion sinre
a number of factors, including Rrynokls number, swfarr
condition, and leaks at the flup hinge, ctin htive a hwgy’
effect on the flap deflection at which this scparnt ion lwgins.
Distributions are also given in reference 6 for airfoils with
split fIaps based on the assumption tlmt the flow over n
split flap should be the same as the flow over a plflin fltip
with a boundary layer over the flap of thiclmcas cquml to
the distance from the airfoil upper surface to tho flup lmrcr
surface. The analysis reported in refmcnce 6 showed that
ttbove a flap deflection of about 40° the Iomd distributions
for plain and split flaps were idcnticrd.

The incremental flap norrmd force and hinge moment
caused by flap deflection are equal LOthe sums of lhc contri-
butions to each from the incremental basic and incremental
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bL-
(a)

L(b)

(d)

(e)
w) Wr’ma!arce dfwribution for airfon with 5P newtrd.
(b) Norrn.%1-forcedfshibuthn for aIrfoUwith fip delleetai
[c) DfscrOution shown in (a) with 5P rmrmal%me dktrlbutton PIotted MrmaI to

ffnpdefleeted chord.
(d) Incremental normaMorcedistribution mused by fUP dam
{e} Distrfbutbn shown in (d) plotted norrmdto fiP+wOti Ck+d-

Fo:rEE 4.-Nmmel-foree d&trfbutforIand fnmmentafmrmd<orcedMributIonfor
thIIs IWltd and detlected.

additional nornml-force distributions. The fkm normal-
force coefficient and flap hinge-moment coefficient ~eequaI to:

The dues of the facturs 7 and q are given in reference 6.
Compmisms of experimental data with Ioads and distri-

butions cdcuIated by this method show that excellent aggee-
ment is obtained for pIain flaps when the proper assumption
is made as to whether the flap is staIkd. SimiIar compari-
sons made for split flaps show that, although the over-all
effects of the flap are shown quite rrelI over the forward
part of the airfoil, rather large discrepancies are noted over
the rear with the resdt that Ioads and moments predicted
in this manner are not accurate.

By using the assumption that. a sIot ted flap is mere~y a
plain flap with a boundary-layer controI sIot. and by cmsid-
ering the chord to be equaI to the total chord of the wing
with flap extended, some comparisons have been made
for aIotted flaps. These comparisons show again that the
over-all effect is predicted to an accura~ suitabIe for wing
structural purposes but with Iarge differences near the flap
where flow through the slot can alfect. the load dist.ribut ion.
The flap loads for slotted flaps are indicated with onIy
qualitative accuracy.

DISCUSSION OF EXPERIMENTAL RESULTS ,

PI.MN FLAPS

{
The pIain flap is one of the simpkst lift-increasing de ces

in m~e, con&ting merely of a hinged part of the wing ear
the trailing edge which can be deflected downward to in-
crease the camber and, therefore, the lift. The only fundam-
ental design parameters (aside from airfoil section and
ReynoIds number) which can have an efht on the perfor-
mance of a plain flap are the flap<hord ratio and the angIe to
which the flap is deflected.

M~MUM LIFT

Curves of masimum lift coefficient are shown pIotted
against flap deflection for fious sizes of pIaiu flaps on
severaI airfoiI sections in figure 5 (data from references 7
to 12). GeneraIIy, the maximum Lift coefficient is shown to
increase with flap deflection to a ma-ximum at a flap de-
flection of about 60° or 70° except for the largest flap (0.60c)
which increases the maximum lift coefficient only for very
small deflections.

A comparison of the increments in mt-&num lift coefEcient
for the X.$CA 23012 airfoil tith O-20C flaps at Reynolds
numbe~ of 0.609X 106 and 3.5X108 shown in @me 6
indicates that, in this range of Reynolds number at least,
the mtium-lift-coefficient increment is essentially in-
dependent of scale. Optimum maxirnumdift-coefficient in-
crements (the highest mafiumdift-coefficient increments
attained) are plotted against flap-chord ratio for the three
ATMA 230-series and the CIark ~ airfoils in figure 7 on the
basis of the rather meager data available. These data show
that the best maximum lift coefficients are attained with
flaps of 0.20c or 0.25c and that the maximum-Iift-coefEcient
increment increases vrith airfoiI thickrws ratio for the
LTACA 230-series nirfoik in the range of thicknesses shown.
The data for the W&!L 66(215)-216 @g. 5] airfoil seem to
agree with the increment for an XACA 230-series airfoil of
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simikr thickness; and al~hough the ~ACA 65,3–618 air-
foil shows lower increments, the value of the highest maxi-
mum lift coefficient for this airfoiI is nearly as high as that
of the IVACA 66(215)–216 airfoil.

A gap between the airfoil and flap at the flap hinge allows
air to leak through from the high pressure on the Iower
surface to the low pressure on the upper surface and to
decrease the effectiveness of the flap. Maximum-lift data
from reference 10 are shown in figure 8 for an airfoil with a
0.20c plain flap with a 0.0032c gap both sealed and unscaled.
The maximum lift cofilcients nre higher “mall casea with the
gap sealed, and the clcwrement in masimum lift coef%cient
caused by the gap increases as the flap deflection is iucreased.

DRAG

The effect of flap size on the drng coefficients of airfoils
equipped with plnin flaps is shown in figure !3. Envelope
pohirs of total-wing drng coefficient are shown for a Clfirk 1’
wing of &pect ratio 6 equipped with O.IOC,0.20c, and 0,30c
full-span plain flaps. These data indicate nn incumwc in ~irag
coefficient with flap size at any lift cotfllcicnt above nhut 1.2.
A huge part of th~ drag of airfoiIs equipped with dcfkctcxl
plain flaps is caused by the fact that t.ho flow over LhUiltip
separates at relatively low deflections (of the order of 150
or 200,. The Mghcr drags of the Iarger flaps mc therefore
probably a rcmdt. of a larger separated nrca nnd a largrr wnk~.

Flqo o&f/eciraq df, d..

(a) ClarkYahfolb (b) NACA 23312alrfoll.
~=amxm.

(c) NACA 23&wrkaalrMls; (d) NACA 6+w&s airfoil%
R-O.609X1CA R- O.oxw,+0.20.

FIGURE&—Varfdkm of tirmm S3ctionIHt mmfScfmtwhh Sap deflectionfor several airfofl WA1OIMequfppml with IMU ffam.
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f[op de fkctbn, dj &g

mm 6.-Hk2t of Reyndd nombw on iuemmmt of mxiimnm SxtICmM c@fUcfent

muwd by deflection ofa O.ZW@h Esp on the h“ACA Z3fllZaMcdI@m
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Drag data on an ~ACA 23012 airfod fitted with a 0.20c
flap are shomn in figure 10 at two values of the Reyuolds
number (references 12 and 13). These data ShOW t-hat fie
favorable effect of increasing ReynoIds numbers extends
throughout the entire range of lift coefficient. It should be
noted that the effective ReymoIds number of 8.4X Id given
in figure 10 corresponds to a test Reynolds number of appro.xi-
mately 3X 10b. ~y conclusion concemiug the effect of
Reynolds number based on these data is subject to the
Imitations of the concept of effective ReynoIds number.

Drag pdars for several low-drag airfoik equipped with
plain flaps are shown in reference 7. These data show that
the lowdrag range of smooth low-drag airfoils can be shifted
to higher IHt coefficients by sruaII deflections of a plain flup.
It is obtious therefore that it should be possible to use a flap
of this type to maintain low profile drags through a wide
range of lift coefficient.

mm s.—wrectof~P swd on m~ ~t m~~nt of a mctmguk CIwkS w’@
wuipwd with a fti+m 0.20cpfafn flop. .4-(k R= O.03!)XIW;reference10.

Fmvm 9.—Enrelox ~ wLsrs fce a CIarkY afrfd c@Pwd wftltPh.fnIIBW
d V6rlm9Stres. R-O.60QXM?%.4-6,refemnm10.
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PITCHLNG MOMENT

The ratio of pitching-moment increment to lift increment
caused by deflection of a plain flap has been shown by Glauert
to be a constant for any given flap and to ba dependent
only on flap-chord ratio. Experimental data indicate that
this linear relation of pitching moment to lift is actually
obtained. Figure 11 shows a cm-m of the theoretical
slope Ac~Acl plotted against flap-chord ratio along with
several experimental values. The agreement is shown to be
reasonably good.

FLAP LOADS AND MOMENTS

The method derived by Mien for predicting flap loads and
moments has been summarized in the section on flap theory.
FIap normal forces, taken from reference 14, at an angle of
attack of 0° are shown in figure 12 along with the normal
forces calculated by Allen’s method. These results show
very good agreement between calculated and experimental
results. Similar comparisons between experimental flap
loads and loads calculated by means of the thin-airfofl theory
show great discrepancies. The Iarge e~Tore resulting from
the use of the thin-airfoil theory can probably be ascribed
to the fact that the thin-airfoil theory bases all results merely

!-”:R-t-i+

hmw 11.—Vartationof m.tioof pItchIng-momentcoeftldent h Uft wefficknt at constant
angteof attack with S8p-chorclMb.

FIOUKE.12—VarfaUOnof ho no?mal<ot’ceeoetIMmt wkb fl~p deflectkm. NACA !23012
ahfon O.xwPldnflemtzd-’.

on the flap deflection. Because of separation of tho flow
from the airfoil surface, flap deflection is not so ~ect.ivo for
increasing tha loads on the wing as would I.Mindicated by
the perfect-fluid theory.

Hinge ‘rnomenti for pIain flaps arc subject to tlm srtmc
differences between the ideal conditions and those normnlIy
encountm~d in practice. The same sort of comparison could
therefore be expected botweem tho theory and oxpmimcnt..
Data are shown in figure 13 for the 0.20c flup on the NACA
23012 airfoil and again show good agrccmcnt wilh predic-
tions based on Allen’s empirical method.

SUMMARY OF PLAIN-FLAP DATA

Maximum lift eoeflicients for airfoils with plsin fhps arc
shown to increase with flap-chord ratio to a mnximum nt a
flap-chord ratio of about 0.20c to 0,25c. The highest nmxi-
mum lift coefficients for fiirfoiIs with flaps of tif)out this size
usually occur at flap deflections of about 600. l~lthi~l n
range of Reynolds number from 0.6X Id to 3.5X108 at least,
scale seems to have littIe eih!t on maxinmm-]ift-coeffkicnt
incremenb caused by deflection of a plain flap. Rn&cr
meager data for NACA 230-series airfoils show that tlw high-
est maximum-lift-coefficient increment attninalie with pltiin
flaps of.~ given size increases as the nirfoil thirkncas is in-
creased. Drag coefficients are showu to incrcasc apprcciahly
with flap size for all lift coefficients above about 1.2, and
avaiIablc data indicate that favorablo scale effects me ob-
tained throughout the complete range of lift cocfllcicnl. The
increment of pitching-moment coefficient caused by flup
deflecticm is a linear function of the iucrcmmt of lift coeffi-
cient, and the ratio of pitching moment to lift agrocs rmson-
ably well with the thin-airfoil theory. Flnp normal forces
and hinge moments may be predicted with good accurucy
by the method derived by Allen in reference 6.

Flop de ffecfb~ &f, o&g

FIGUREE..-vmietfon of flep h[nge-momentcoefficientwith flop defltwlion. N AO A zMJ1l
ahfolk O.* plnh Rap;at.~.
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SPLIT FLAPS

A spIit flap is similar to a plain flap in that it is formed
mereIy by a hinged part of the W@ near the trailing edge.
For a spIit- flap, however, only the lower part of the -U is
hinged, the upper surface remain@ in pIace. The increase
in Iift caused by deflection of a spIit flap is a result of an
increase in the effective camber of the a.irfoiI section just as
is the case for plain flaps. The important design parameters
which will affect the aerodynamic characteristics of a wing
section with a split flap are, therefore> the flap-chord ratio
and the flap deflection.

M~~>IUMLIFT

The effect of flap deflection on the mtium M coefficient
of N’ACA 23012, 23021, and 23030 airfoil sections with spLit
flaps ranging in size from O.1OCto 0.40c are shown in figure 14
(data from reference 15) and optimum increments in
maximum lift coficient are shown pIo t ted against fiap-
chord ratio in figure 15. Although the increments of maxi-
mum lift coefficient are considerably higher for thick than
for thin sectiomc, the dues of matium Iift coefficient vary
in a different manner with thickness because of the decrease
in ma----i mumlift coefficient of the airfoil with ffap undeff ect ed
as the fiickness is increased. These data show that as the
airfoiI thickness is increased increments of maximum lift
coefficients, flap deflections for maximum lift, and the size
of flap that pro-rides the highest increment of maximum lift
coefhient also increase. For any gken airfoiI section the
flap deflection at which the highwt maximum lift coefficient
was measured decreased as the size of flap was increased.
A comparison of the data in f@re 14 with the data shown
previously for plain flaps (fig. 5) of simiktr size shows that

higher ma.simum M coefficients are obtained for airfoils
with spIit flaps than with pIain flaps and that the optimum
maximum lift coefficients are obtained at higher flap deflec-
tions and higher fIap+hord ratios. The reason for the higher
maximum lift coefficients obtained with split flaps can prob-
ably be attributed to the fact that the upper surface of the
wing is not disturbed and the flow is not required to follow
an abrupt downviard curvature over the flap. The ffo-iv
over the flapped part of the airfoiI, therefore, has a tendency
to remain unstaIIed up to higher flap deflections and higher
flap-chord ratios forsplit flaps than for plain flaps. Maximmn-
Lift data from reference 16 are shown in figure 16 for
three K4CA 6-series airfoiI sections equipped with 0.20c
spIit flaps. These data indicate the same tendency toward
higher optimum deflections for thicker airfoik as was shown
by the A’ACA 230-series sections.

In order to provide a simpIe means for showing the effect
of flaps on airfoiI section characteristics. tdl the airfoils
tested in connection with the Iowdrag airfoiI program
(reference 7) have been tested vcith 0.20c split flaps deflected
60°. With some types of flap (particularly sIotted) a change
in airfoil shape also changes the shape of the flap that. may
be fitted into the available space and, therefore, changes
the characteristics of the airfofl-flap combination. The
systematic spIit-flap data should be useful, however, for
shovi@ the manner in which airfoil parameters aIone affect
the characteristics of airfoiLs with flaps.

The effects of thickness ratio and camber on maximum
lift coefficients of FfACA 64-series airfoil sections with and
without 60° split flaps are shown in figure 17 (data from
reference 7). These data show that., although the maximum
lift coefficients of the plain airfoiI sections decrease as the
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thickness ratio is increased above approximately 0.12, the
maximum lift Coefficient of the flapped airfoils continue to
increase to thickness ratios of at least 0.18. Increases in
design Iift coefficient are shown to increase maximum lift
coefficients of both the plain and the flapped airfoils by an
equal amount for airfoils of low and moderate thicknesses.
At the higher thlcknessea, however, the effect of increasing
camber is smaller and for the 2 l-percent-thick airfoils is
actuaIIy to decrease the maximum lift coefficients with flaps
deflected. Maximum lift coellicienta for NACA 23012 and
NACA 23015 airfoiI sections are aIso. shown in this figure.
The maximum lift coefficients for the NACA 230-series
sections are shown to follow the same trend as the N.ACA
6-mries sections. The variation of muimum lift coefficients
with position of minimum pressure for NACA 6-series sec-
tions is shown in figure 18. Inmost cases these data indicate
a smaII decrease in maximum lift coefficients of both the
plain and flapped airfoiIs regard.km of thickness ratio as the
position of minimum pressur~ is movgd to the rear.
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The fact that aII of the flap data shown in figures 17 rind
18 were obtained with 0.20c flaps deflected 60° prcvcn is n
complete indication of the effects of airfoil section on maxi-
mum lift coefficient since both the optimum flap 9izc and
optimum deflection change with changes in ailloil thicl{-
nesses as shown in figure 16. This fact is particularly true
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of the duta shown in figure 17 since both the flap-chord
ratio and flap deflection for highest maximum lift coefficient
increase as the airfoil thickness ratio is increased. The
optimum m&nmm lift coefficients should, therefore, in-
crease even more rapidly with thickness ratio than the
maximum lift coefficients shown.

Data are shown in figure 19 on the ef7ects of Reynolds
number variation on the maximum lift coefiicienta of several
NACA airfoil sections. Throughout the range of Reynolds
number shown, maximum Iift coefficients of both the pIain
and flapped airfoils in the smooth condition increase as the
ReynoIds number is increased, but not by a constant amount
nor in any apparently predictable manner. The ef7ects of
scale on the mbnum lift coeflic.ients of NACA 6-aeriee
sections seem to be SimiIar to those of conventional hTACA
~3(-J.s&& s~~o~.

The effect of Reynolds number on the maximum Lift co-
efficients of several NACA airfoila with standard Ieading-edge
roughness and split flaps is rdso shcmm in figure 19. The
effeot of Reynolds number in increasing the maximum lift
coefficients of these airfoils is decreased by tie addition of
standard roughness and seems to be approximately the same

for each of the a.irfoik for which data are shown. A com-
parison of the data for smooth and rough airfoils in figure 19
shows that the decrease in mmimum lift coefficients of air-
foik with split ffaps increa~ as the ReynoIds number is in-
creased and that the effect of roughness on the maximum lift
coefficients of A’ACA 230-series sections is greater than that
on LNACA 6-series sections but not enough to make the actua~
vrdues of the mtium lift coefficients lower.

DRAG

Envelope drag poIam for an N.ACA 23012 airfoil equipped
tith various sizes of spIitt flaps are shown in figure 20. These
data indicate that the drag coefficients of airfoils equipped
with spLit flaps increase as the ffap size is increased. These
higher drags are probably caused by the increased size of the
wake behind larger flaps, as is the case for pIain flaps.

Envelope ~W poIa~ &own in reference 15 for ffaps of
various sizes on I’TACA 23012, 23021, and 23030 airfoils show
that the drags of thicker airfoiIs with split flaps deflected are
higher than those of thinner airfoils except in cases where
the thinner airfoiIs tend to staII at Iovier lift coefficients than
the thick sections.

PITCmXGMOMEXT

The ratio of pitching-moment increment to lift-coefficient
increment cmsed by deflection of split flaps of vtioua sizea
on severed NTACA 230-series airfoil sections is shovrn in
figure 21 (data from reference 15). These data show that
the pitching moments of airfoiIs with split flap do not agree
with the theory es welI as those with plain flaps but that the
generfd order of magnitude of the pitching moments and the
manner of variation with flapwhord ratio agree fairly well
with the theory. This discrepancy may be expIained by the
fact that the rear pmt of an airfoil with a split flap deflected
presents a very thick, bhmt body rather than the thin mean
line which is assumed in the theory and which is at Ieast
approximated by plain flaps.

PLAPLOADSKWllMOMEXTS

The methods for predicting flap loads and moments which
are based on the thin-airfoiI theory could not be expected to
protide a good indication of split-flap Ioads since the pressure
cMerence across the flap is not,, in this case, equal to the
pressure cMerence across the whoIe airfoil or, as the theory
assumes, across the mean line. A comparison of some split-
flap load data with loads predicted by the method given in
reference 6 and described in the section on flap theory shows
that, although fair aageement can be obtained at low flap
deflections, the predicted values are considerably higher than
the experiment.t-d results at high deflections. Pressure dM-
tributions and flap force and hintge-moment characteristics
for a 0.20e split flap on the NACA 23021 airfoil are shown in
reference 17.

~WSIM&l SPLIT-S

An extensible spIit flap is a split fIap provided with a mov-
abIe hinge which is moved to the rear as the flap is deflected.
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The purpose of displacing the hinge is to provide a Iarger
area and, therefore, greater lifts. M&mum Iift coefficients
taken from reference 18 are shown in figure 22 for a CIarJi Y
airfoiI@uippecl viith spIit flaps of 0.20c, 0.30c, and 0.40c
hinged_at various positions from the normal hinge position
to the trahg edge. Sizable increases in mafium Eft co-
efficient (as high as 0.3 for the 0.40c flap) are produced by
the extension of the chord in this way, increases being noted
for the 0.20c flap for each extension of the flap hinge from the
normal hinge axis to the trahg edge aIthough the Iarger
flaps produced increases for extensions of the flap hinge only
to 0.90C

.Swfb-i Nft coe ftb%fi c1

.Foim m.–l?nwfop? @ @aCSform NAC423012ShfOnequlppdwftflSput*
of mrlous sizes. R4.5XIC+ referenm M.

Because of the fact that the ext ensible spIit flap is extended
to the rear as it is deflected, the effective area of the wing
behind the normaI quarter<hord point is increased and the
negati~e pitching moments become Iarger. Data are shown
in figure 23 (from reference 18) on the effect of split-ff ap ex-
tension on the pitching-moment-coefficient increments caused
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by deflection of the flap. The increment in pitching-moment
coefficient is shown to be a Enear function of the increment in
lift coefficient, and the dope of the curve AcJAcJ “kshown to
increase as the flap hinge is moved to the rear.

SUMMARYOFSPLfT.FLAPDATA

Split flaps are shown to provide higher maximum lift
coefficients than plain flaps. Nlaximurn lift coefficient,
flap defiectiona for maximum lift, and best flap size increase
as the airfoil thickness ratio is increased. Larger flaps
showed higher maximum lift coefficients than smalIer flaps;
the highest maximum lift coefiitients were obtained at lower
flap deflections with the larger flaps than with the snmlIer
flaps. Masimum lift coefficients of NTACA 6aeries sections
with 60°, 0.20c flaps are shown to increase with airfoil
thickness ratio up to thickness ratios of about 0.18c. In-
crease of camber increases maximum lift coefficients of thin
airfoils, but this effect decreasea as the airfoil thickness is
increased. Leading-edge roughmsa has been shown to
decrease the favorable scaI.~ effect on maximum Iift co-
efficien~ of airfoils with spIit flaps. Increasea in flap size or
airfoil thickness ratio show hcreases in drag coefficients of
airfoils with flaps deflecte& Pitching-moment increments
of airfoik with split flaps are of the same order of magnitude
as shown by the thin-airfoil theory, but the agreement with
the theory is not so good as that shown by the phiu flaps.
Displacing a split flap to the rear as it is deflected increasm
both maximum Lift coefficients and pitching moments.

SLOTTED FLAPS

Slotted flaps are roughly similar to plain or split flaps
insofar as they increase the lift of an airfoiI by au increase
in camber and in some cases by an increase in the chord.
The slotted flap, however,. is provided with a aIot which
delays the tendency of the flow to separate from the Rap
by ducting high-energy air from the Iower surface wd
utiIizing it for boundry-layer control on the flap upper
surface. Deflection of slotted flaps may be obtained either
by pure rotation about a fixed hinge or by a combination
of translation and rotation. SIotted flaps in general use
may be divided int.a two generaI classes based merely on
the number of sIots. SingIe slotted flaps are, as the name
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suggests, flaps which me attached to the mnin portion of
the wing .in such a manner as to provide a slot forward of
the flap when the flap is deflected. DoubIe slotted flaps
are provided with a vane forward of the flap so thttt u double
slot is formed when the flap is deflected.

SINGLESLOTTEDFLAPS

A tyfical singIe-sIotted-flap configuration is sholvn - in
figure 24. The part of tho wing upper surfs.cc which cxtmds
over the flap when retracted is cnIIcd the sIo~ lip. The
effective increase in chord provided by somo slottcel ~!aps
is obtained by the use of an eIongu@l slot lip. The point
where the airfoil is first cut away to form the slot on the
lower surface is called the slot entry, Slot ent.rios arc often
made with very small radii of curvature or provided with
skirts to fair over the gap in the lower surfnm whcu tlw
flap is retracted. By minimizing the gap, thr lower surfww
is made as smooth as possible so that there is little iucrrasc
in drag over that of the smooth nirfoil.

Siice a slotted flap increases the maximum lift by a combi-
nation of increased camber, increased chord, nml hounds rg-
layer control provided by flow through tho s101, the inlpor-
tant design parameters are flap dcflcc.tion, flap sire, tho
chordwise position of the slot lip, nnd the cff’cicncy of the
flow through the slot in providing boundnry-lnycr control,
The boundary-layer control action of tho flow through the
dot depends on the shape of the passage through which thr
air must flow. The shape of this passage is mado up of n
combination of slot-entry shape, slot-lip ahpc, fltip-nose
shape, and the position of the flap with rcspccL to tho slot
lip. Airfoil shape can be expected to have a greater cflccL
on the characteristics of dotted flaps thnn on those of plfiin
or split flaps because of the fact that t.ho nirfoil. shnpe deter-
mines to some intent the shapo of the fftip find slot. conf@ra-
tions. Changes in Reyuolds number can also have different
effects on the characteristics of slotted fhtps from tboso on
the characteristics of plah or split flaps because of the scnlo
effect on the flow through the slot.

Maximum lift,-Because of the large number of unrrlrttcd
combinations of airfoils and slotted flaps for whirh dnt n me
availabIe, a summary of maximum lift cocfficicmts that l]~vo
been obtained from various combinations is given in table I.
I?Iap size, slotJip extension, the deflection nnd position of the
flap with respect to the sIot lip, Reynolds numbm at which
the tests were run, and rough classifications of slot-entry
shape and flap-nose shape are tabulated nIong with not at ions
as to whether the flap was located at its best maximum

Fmum! 24,-Sketeh of typksl sfngledlotted-tlapeonngmation.
(All dfmenefom are given b fractionsof afrfotl dmel.)
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TABLE I.—MAXIMUM LIFT COEFFICIENTS OF AIRFOIL SECTIONS EQUiPPED WITH SINGLE SLOTTED FLAPS
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Iift position. References from vihich the data were obtained
are also gken in the table (references 11, 12, and 19 to 37).
Jlaximum lift coefficients of airfoils with sIotted flaps are
shown to be considerably higher than those of the same air-
foils equipped with pIain or spLit flaps of comparable size.
The advantage of the higher masimum lift coefficients must.
be balanced, however, against the added complication of
providing exterrud brackets to hoId the flap or of more
complicated mechanisms required to operate the flap.

Maximum lift coefficients are shown in figure 25 plotted
against flap deflection for the NACA 23012 airfoiI section
with various sizes of sIotted flaps and in figure 26 for two
NACA 6-seri- airfoik with slotted flaps. Thwe data and
the data of tabIe I show that the flap deflections for maxi-
mum Iift coefficients of airfoik with aIotted flaps vary over
a range of from about 30° to ovwr 60°. Although no rigid
variation of optimum deflection with flap size or slot-Iip
extension can be shown, it may be seen from the data in

table I that flaps with the slot lip extended to the trailing
edge seem to show their highest ma-ximum Iift coef%cients
at Iovrer flap deflections than with shorter sIot-lip extensions.

The effect. on nmrimum lift coefficient. of increasing the
effective chord of the airfoil-flap combination is shown in
figure 27 for various flap combinations on the lT~C~ 23012
airfoil section. The maximum lift coefficients are all based
on the chord of the airfoil with flap completely retracted.
Maximum Iift coefficients are shown to increase as the total
chord is increased either by increasing the flap chord or the
sIot-lip extension. Increases in flap size above about 25
percimt of the airfoil chord are shovm to have much smaller
effects on maximum lift coefficients than increases in the
lower range of flap size. Increases in sIot--lip extem=ion,
however, seem to be more effective as the slot Iip is extended
toward the trailing edge. AIthough the variations of maxi-
mum lift coefficient shown in figure 27 cannot be expected
to hoId strictIy for ~erent types of airfoiI section, the
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variations shown are probably indicative of the results to
be expected from conventional rtirfoils. of nornd thicknesses,
The use of thinner airfoils, however, and particularly thin
NACA 6-series sections, presents added difhlties because
of the very thin flaps and wry small leading~dge radii of the
flrtps that can be fitted into the available space. The data
shown in table 1 for 25-percent-chorcI flaps on tho NACA
G5–21O airfoil section with various sIot-lip extensions show
that no increase in maximum lift eoticient is obtained by
increasing the slot-lip extension from 84 percent chord to
97.5 percent chord.

The most favorabIe shape for the passage through which
the air must flow from the Iowwr surface over the flap is an
extremcIy complex problem since it involves a combination
of several variables, each of which can have a Iarge effect on
the flow condition produced by e&ch of the other variabk.
These variabk include flap shape, slot-entry shape, sIot-lip
shape, and flap position.

Data are given in referencm 12,25, and 28 on the maximum
lift coefficients produced by aIotted flaps of various shmpes.
No strict ruka can be set down for the dmign of flap aha.pes,
but from the data given k. these references, it is generally

observed that a flap-nose shape similm to thr shnpr of L good
airfoiI will provide good maximum lift char actcristits.

Slot-entry shapes can htive a largo offcct on nmximunl-]ifL
coeflkients since any sepmation of tho flo~v fIL lho S1OLcutry
can bIock off a portion of the sIot ptissagr. DatIl tire avnil-
able in references 12, 21, 22, 25 to 28j 32, 34, and 35 }vllkh
sho~v the effects of various sIot-eutry shap(+ cm maximum
lift coefficients. Datu in refcrcnccs 22, 25 to 27, and 35 show
maximum Iift coeflkients thaL htivc been obtained on NACli
23012, Wi,2-216, 23021, and 23030 airfoil sections cquipprd
tit,h slotted flaps and with both smoothly rounded rmd sharp
slot entries. In these references, the hrsL posilioll of {hr
flap Was cle.termincd With each of the S1OLonl.rics. hlciLbur
the 0.12c-thick nor the O.ltjc-thick airfoils shcmwd nny diffrr-
encc in best mmtiurn Iif t cocfflcicnL although” Ihc posiliol~
of the flap at which the best maximum lift cocfllcicnt wtLsI
measured changed. considerably. 130th the L1.21c-tllicl( and
the 0.30c-Lhick airfoils on the other hnnd showml htrgc cffwts
of slot-entry cofigurat.ion. These data would seem to indi-
cate that tho airfoil thickness or the depth of the flap WC1l
(opening into which flap retracts) would detwminc whcthw
the slot entry has cm effect on tho maximum lift cw~wicllt.
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flap-chordratio and titb sl@Iip hxntIon Rx the NAC.4 2W2 efrfoil ssctfon.

For the thick airfoiIs where the slot-entry configuration can
have an effect, the smoothly rounded entry provides the
highest ma.simum Iift coefficient in each case. Data from
reference 34 are show-n in figure 28 for an NTACA 66,2-116,
a =0.6 airfofl equipped with a 0.25c sIot ted flap with thee
different Iengths of slot-entry skirt. These data show that
with the flap Iocated at an arbitrary position, the maximum
lift coefficient vras Iowered by each progressive extension of
the sIot-entry shirt.

~]ot~p shape can tiect the ma-ximnm Iift coefficient ts of
airfoi14ap combinations to a Iarge extent and it is feIt that
the most important requi.mnent of a good clot-lip shape is
that it should serve to direct the air flow downward over the
flap. Data are shown in figure 29 for an airfoiI with a
slotted flap with the sIot lip in its nornd configuration and
bent down various amounts. These data show that the
maximum lift coefficient is incie%ed by bending dovi-n the
slot Iip, although too great a bend causes the matium lift
coefEcient to drop off. It is believed that the Iimit in the
&ect of bending down the lip is reached when the flow over
the lip itself separates.

FI~cm! 2S.-EEect of skrt+ntv+kfrt edensfon on rmffon lfft chsmcterMks of an
NACA ~ 2-116,U=O.UafrfofI @p@ with 8 O= sIGttedEGP**Mr.
R-IMW, reference34.

The flap location affects the masimum lift coficient, of
conrse, by chmging both the shape and size of the passage
through which the air flows from the lower surface. The
best flap position viiU, therefore, be ditTerent. for each dficrent
condition of slot entry, slot lip, and flap-nose shape. No
general conchsions can be dravrn concerning the best loca-_
tion of a sIott ed flap althougg the data avaiIabIe in refer-
ences 12, 19, 20, 22, 24 to 27, 29, 30, and 32 to 35 should be
usefuI for the design of the best flap location for airfoiI-flap
combinations similar to those for which data are avaiIabIe.
GeneraIIy, it maybe said that the best location of a flap of
a given shape will be a location which, when combined with
the slot lip and sIot entry, wilI provide a converging passage
and aIIom the flow to be directed down-ward over the flap.
Data in figure 30, for instance, show lift characteristics of an
airfoil-flap combination for which the aIot does not form a con-
verging passage. A comparison of these data with those in
table 1 for airfoils of simiIar thickness shows the Iovr mati-
mum lift coefficients obtained with a flap con6guration of
this type. Contours of flap position for mwrirnum Iift
coeflkient are shown in figure 31 for two airfoiI sections
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equipped with various conjurations of dotted 3 aps. These

contours indicate the sensitivity of the maximum lift coeffi-

cient to small changea in flap position and the. aocuracy with

which the flap must Im built and located.
Airfoil shape can have a large effect on the effectiveness of

slotted flaps. There am not, however, enough data for flaps

of similar size and shape LOsho}v fully the effects of the
various airfoii design parameters on the mtium lift
coefficients of airfoils With slotted flaps. Some data are
shown in figure 32 for NACA 230-series airfoils of various

thickness= with flaps of two (IiffwenL siza and a fcw data for
various NACA tl-series sectious with 0.25c slolhd flaps.
Although not at all conclusive, these drd~ for hTACA &scrim
airfoils seem to show a greater effCCLof thickness rut io Ihan
was preciously indicated (reference 27) by the NACA 2W-a.cries
dfit.a. lVhiIe a part of the diffcrcnccs bctwccn the 230-acries
sections and the Gseries sections might be attributed 10 ihc
higher Reynolds number at which the latter dn[ a were
obtained, data in reference 28 on the 0,21c-thick G-series air.
foil show that even at a Reynolds number of 2.OX 10° tho
matimum lift coefficient of this airfoiI is abovo 3.0.
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FIC[-RFW.—Lift ebarncterktimof an appmdmate NACAC8WEJ-Z16akIMsectim
wuf@ withs W?ScsIotted fhP. R-MD(NY.

Data on the effect of Reynolds number on the maximum
lift coefficients attainable with slotted flaps are given in
references 12, 25, 27 to 33, and 37. The greater part of
these data covers Rq-noIds numbem from about 3.OX 106
to 10.OX 10*. A few data are given, however, for higher
ReynoIds number. lla.tium lift coficients are shown
plotted against Reynolds number in figure 33 for two XACA
6-series airfoils with slotted flaps. In both of these cases,
the scale effect with flap deflected is approximately the same
as that for the plain airfoil. This similarity cannot be con-
sidered to be true in the general case, however. There are
some indications that the best maximum-lift. posit ion of a
slotted flap may change with changes in Reynolds number
as shown in reference 30. From these data it is seen that
for the changes in Reynolds number shon (from 2.4X106 to
9.0 X106) an appreciable change in best position for maximum

lift is noted and that for this airfoil-flap combination, at
least., the best position moves backward and upward as the
Reynolds number is increased. The m~tium M co~cient
at a Reynolds number of 9.0X108 was increased by about
0.06 by chang@ from the position found to be best at
R=2.4 X 106 to the position at which the highest maximum
lift coefficient ma measured. In this case, the entire
character of the lift curve was changed by this change in
positions at- R=9.OX 108 although this change camot be
considered typicaI.

Data on the effects of roughness on the maximum lift
coefficients of airfoik with slotted flaps are not extensive
enough to pro-ride any generalizations although it may be
said that the decrement in maximum Iift coefficient caused
by roughness VW be of about the same order of ma.titude
as for airfoils with spIit flaps. It must be remembered
therefore thwt- leading-edge roughness can cause the maxi-
mum lift coefficient of airfoils to be 0.4 to 0.5 Imver than
that obtained in a wind tunnel with a smoothly polished
modeI. Some data are shown in references 29 to 31 on the
effects of roughness on the maximum lift coefficient of
airfoils -with sdot t ed flaps.

Drag.-Drag coefficients of airfols equipped with slotted
flaps can be expected to be lower than those of airfoils with
either plain or split flaps because of the fact that the sep-
aration of the flow o-rer the flap, usually apparent on pltiin
flaps at high deflections, and the mide, bhmt rear portion of
airfoiIs equipped with split flaps are eliminated or mini-
mized with slotted flaps. EnveIope pdars for the NACA
23012 airfoil equipped with slotted ffaps of various sizes are
shown in @we 34. These data show an effect of increas&w
flap size that is opposite to that with either plain or split
flaps, the drag decreasirgg at a given lift coefficient as the
flap size is increased. The drag polar for the NACA 23012
airfoil equipped with a. 0.40c split flap is ako shown in figure
34 UCI indicates the much lomer drag coefficients obtained
with slotted flaps than with split flaps. The effect of slot-
Iip mt ension on dmg is showm in figure 35. Increasing the
sIot-lip extension also is shown to decrease the drag at any
given lift coefEcient.

FIap position can ako have a great effect on drag codll-
cient-s since the shape of the slot passage determines whether
there are any areas of separated flow in the region of the
flap. Contours of flap position for minimum drag coefficient
are shown for various airfoiI-flap combinations in references
20, 22, 24, 26, 27, and 35. One of these contours taken
from reference 35 is shown in figure 36. These data and
those given in the references show that the requirements of
a good SIot shape for Iow drags are dillerent from the require-
ments for high maximum lift coefficients. The slots for
which IO-Wdrags are measured seem to be nearly constant
in area rather than converging, and the slot openings seem
to be larger than those for high maximum Mt.
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With sIotted flaps in the retracted position, the resulting
break in the airfoil lower surface has been shown to have
Iarge tiects on drag coefficients. Drag data are shown in
figure 37 for an h’~C~ 6-series airfoiI section equipped vrith
a 0,25c slotted flap. These data shor that When air is

flowed to Iea.k through the gap, the drag increment in the
[ow-&ag range caused by a sharp sIot entry is fipprofiatek

twice that caused by a -weII-rounded entry. These data
dso show, however, that the drag coeflkient with the sharp
retry can be reduced to the same value as with the rounded
dot entry mereIy by sealing the gap to pre~ent any flow
~f air. Data are shown in figure 38 for an NACA 66,2-116,
z= 0.6 airfoiI with a 0.25c slotted flap and three kngths of
dot-entry-skirt exten9ion. These data show that the drag
is progressively lowered as the slot-enhy skirt is extended.

(u) Oap open. (b) sharp ** entry.

??lGrm 37.–Effeet of sIot op?nlng and gap s?d on drag eoefEelent Man N-ACA
65(!216)+3(l.%51(approx.) MrfcUeqdppe?l wfti a O* SIot~ fiP. R+x@
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Fwmg 33.-EEect of sI@entry+kirc extension on sectten drag eharactedetics of:sn
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Pitohing rnoment,-Since a slotted flap is similar to a
plain flap with a boundary-layer-control slot at the flap nose,
the load distribution over an airfoil with a slotted flap shouId
be similar to that over an airfoil with a plain flap with the
exception of discontinuities at the slot. The pitching mo-
ments of airfoils equipped with slotted flaps should be approxi-
mately the same as the pitching moments of an airfoil with
a plain flap of similar size. The flap-chord ratio and the
airfoiI chord must be defined for this purpose, however, on
the basis of the total chord with flap extended. Fitching-
moment slopes haye been calculatec..on the basis of total
chord with flap extended for.eeveral combinations of airfoil
tind slotted flaps and are shown in figure 39 along with the
slopes calculated from the thin-airfoil theory. These data
show- that the pitching moments of airfoils with slotted
flaps approximate those predicted by the plain-flap theory
although the experimental pitching moments for slotted
flaps me in all cases slightly higher than the theory indicates
and show considerably less variation with flap size than the
theoretical.

Flap Ioads and momentst—Aerodynamic load chmacter-
ist ics for a number of airfoils equipped with slotted flaps are
presented in references 19, 33, 38, and 39: Flap loads gener-
aIIy increase as the flap deflection is increased up to the
deflection at which the flap stalls, the variation in flap loads
with angle of attack for unstdled conditions being smtdl as
compared with the variation with flap deflection. Norinal-
force coefficients on slotted flaps for the data shown in the
ref c.rencm usually reach a maximum of about 1.6 or 1.8.
Chord forces are generally small compared with the normal
forces, and centecs of pressure of the flap Ioads usually range
from about 0.2 ta 0.4 of the flap chord.
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DOUBLESLOTTEDFLAP8

Data are presented in reference 11 for an NACA 23012
airfoil equipped with a 0.256c slotbd flap rmd scw.md
auxiliary flaps. These data show that the s101[.ccIflnp with
a O.IOCauxilia.~ sIotted flap was moro cfTcctive in incrrming
the maximum lift coeflic.icnt than any of tlw otlu’r ckwices
tested. Reference 40 shows data for NACA 23012, 23021,
and 23030 airfoils equipped with 0.40c sIottwi Iltips nnd 0J2NIc
auxiliary slotted flaps, Maximum lift cocfllcimts of 3.46,
3.57, and 3,71, respectively, were mcrrsurcxl with these douhlc
slotted flaps on the the airfoiIs. Later it~vcstigatiomq
showed that the doubIe slotted flap could bo simplifkxl con-
siderably by changing the form of tho forcfiap t.o a turning
vane. For doubIe slotted flaps of a given [0[ d chord, iho
vanes were shown to be just as effect.ivo as the forcfhips Lcslwl
on the original doub]o slotted flaps and had the wI(Icd ml-
vantag~ of being of such a sim t.lmt tlwy ccmld I.w cntirrly
enclosed within the wing structure whvn the flap WI-Wre-
tracted, A typicttl double slotted fI~p of the lnt.trr t.ypc is
shown in figure 40. The slot rutry and slot Iip arc Wnod
in the same way as for singk slotted fiaps. The vane chord
line has been defined in various ways, bu~ the mm.L frrqucntly
used definitions are the maximum-length line or the Iino
through the trailing edge and the center of curvat.uw of tho
vane leacling edge. The vane size is then defined by the
length of this chord line and the deflection, by the t~nglo
between the airfoil chord line an(l tlm vane chord limb.

(a)

p“ (+)
r+

-~1.- ‘“’

(a) Flap retmeted.
(b) I?ie.pdefleetml,

FIttUEE40.-Sketeh of typ[cal doublo-sIottad4fapeonfl~tion. (AIIdlmcnskmmeglwn
Infractionaofah[oilchord.)
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Doulde sIotted flaps operate to increase the maximum Iift
coefficient in essentially the same way as single sIotted flaps
with the exception that an additional sIot is avaiIabIe to
provide a greater amount of bounda~-layer controI. An-
other way of defining the action of a double slotted flap is
that it is merely a single sIotted flap -which is provided with
a turning -iane in the slot to heIp deflect the air flow down-
ward over the flap, since the down-mud deflection of the
flow is the principal function of the vane. & a result of its
turning act ion, however, the vane also carries an appreciable
lift. Ioad of itseLf. The important design parameters are,
as is the case for singje slotted flaps, flap deflection, flap size
and extension, and the efficiency of the flow through the
slot passages in pre~enting separation.

lfazimum I.ift,-llasimum-lift data for airfoils with doubIe
slotted flaps are present ed in table II along with information
concerning the flap and airfoil configuration and test condi-
tions, as well as the references from vihich the data were ob-
t ained (references 11 and 40 to 51). AIthough the abscht e
optimum positions of both flap and vane vrere not deter-
mined for alI the co.ntlgurations -which me noted as optimum
positions in the table, this notation does indicate that enough
tests were made to determine a position at which the masi-
mum lift coefficient is essentially the optimum. Double
slotted flaps are seen to produce higher m&rnum lift co-
efficients than any of the other flaps so far considered.

FIap deflections at which the highest maximum Iift co-
efficients were measured as shown in tabIe 11 varied from
45° to 70° and vane deflections varied from 20° to 30°.
Athough the data are rather scattered, a generaI trend
toward higher flap deflections and Iovrer vane deflections can
be noted as the airfoiI thichmess ratio is incremwd.

Athough a fairly large amount of data is availabIe, the
effects of flap size and extension are not well deflnecl because
of the fact that most. of the designs tested up to the present.
time are of appro.simately the same size. The data in
references 11 and 40 on ~~C~ 230-series airfoils equipped
with the original type of doubIe slotted flap give an indica-
tion, however, that larger double slotted flaps (up to 0.40c, at
Ieast.) shouId provide higher mafium lift. coefficients than
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those obtained with flaps of the sizes normaIly employed.
Some few data are available in references 41 to 43 on the
effect of vane size on the maximum lift coefficients obtainable
for severaI airfoil sections equipped with double sIotted flaps.
Some of these data are presented in figure 41 and show that,
in general, increases in vane size provide increases in mm~-
imum Iift coefficients although the range of vane size covered
is rather small.

The avaiIabIe data on the effects of slot-entry and slot-lip
cont@ra.tions are also meagg- The effects of the shape of
the slot can be expected, hoviever, to be similar to those noted
for single sIotted flaps. The effects of sIot-entry-skirt exten-
sion on the lift characteristics of art airfoiI section equipped
with a doubIe slotted flap operating aIong a fixed flap path
me presented in figure 42. AIthough the lift coefficients at
the highest flap deflections were not affected by the extension
of the slot-entry skirt, those at intermediate e deflections were
lowered considerably by the Iongest extension.

Some data on the effect of flap and vane positions on
maximum lift coefficients are given in references 41 to 43,
46, 49, and 50. From the data for optimum configurations _
shown in table II it may be seen that vane positions for best
matium lift coefficients usually falI within a range of
position from O.OISC to 0.025c beIow the slot Iip and from
0.005c to 0.015c forward of the slot. Iip ahhough a few of the
data show that highest ma.tium Iift coefficients were meas-
ured with the vane located about 0.005c behind the slot Iip.
The positions of the flap cover a wider range varying fkom
0.015c to 0.030c forward and from 0.005c to 0.020c below the
vane traiI@ edge. In one case, the flap was found to give
the highest matium Iift coefficient when Iocated behind
the nme trailing edge. AIthough the data in table 11 show
that flap and vane positions for mtium Iift fall within a
faidy weIldefied range of positions, care should be exercised
in setting flap and ~ane positions arbitrarily from these data
because of the great sensitivity of these flaps to smalI changes
in position. A few contours of flap and vane positions for
masimum lift coefficient are shown in figure 43 and indicate
the accuracy with which the flap and vane must be Iocated.

.-T.+BLE IL-N.LMMLW LIFT COEFFICIENTS OF .lIRFOIL SECTIONS EQUIPPED ‘WTTH DOUBLE SLOTTED FLAPS
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FIGUBE41.—Effectof vene .slmOQllft eheracterls.tlcuo! seveml efrfoil eectionswith doubIeslotted Sap9.

The fact that most of the data for clouble eIotted flaps
have been obtained for configurations of roughly similar
size provides a fairly extensive amount of data on the effect
of airfoil section on maximum lift coefficients. Data horn
table II on the maximum lift coefficients of various airfoil
sections with double slotted flaps are shown in figure 44
plotted against airfoil thickness ratio. All of the double
slotted flaps for which data are shown had total chord lengths
(from nose of vane to trailing edge of.flap) of about 0.30c to
0.35c and had slot lips located at about 0.85c, Although
these data are rather scattered, they define fairly well the
variation of maximum lift coefllcients with the various airfoil
parameters. Irmeasea in camber and forward movements
of the position of minimum preemre of NACA 6-series airfoils
seem to provide increasw in maximum lift coefficient. filaxi-
mum lift data for ~AcA 63-series and 66-series sectiogs yit.h

design ~ft coefficients of 0.2 equipped with 0,20c split. flnps
deflected 60° are also shown in this figure. These data show
that the effects of thickness and position of minimum pressure
can be shown qualitatively rtt least. by tho syshmmtic split-
flap data in reference. A comparison of tho data in tlgurrs 44
and 17 shows that the effects of camlwr on mnximum lifl.
coefficient are approximately of the samo ordrr of mngnil udc
for the. systematic split-fkp data and the double-slottml-
flap data,

Sca]e-effect dat a on various ailfoi]~ollble+]ottcd-flaI} coln-
binatiom are presented in referencw 43, 45, and 47 to 50.
These data show approximately the smno chmwctmistics as
the scale-effect data on single slotted flnps, nnd there me
indications that the best maximum lif~ configurnt ions of
double slotted ff~ps may aIso chtmgc as the Rcynokls numlwr
is changed.
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Secf~m mgfe of,utfac%,L70,deg

(a} NOskirtextendw (b) PartM skkt ertens?mx

R=2.4XIIF. R-2.4Xl@.

(ci partial skfrt esteusfotu (d) FuII skf.rtefienssom

R- 6.OXIW R=2.4X11Y.

.—

FIGUEEW+wtlcm lift clmmctedsticsd an NAC4 63,4-421(.WCUOIJairfoUequipped tith a donbIe sIotted EW and *mti sIot-en@4drt estensior.u
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Drag.-The drag characteristics of airfolk with double
slotted flaps are perhaps best show-n by a comparison -with
the drag of airfoik with single sIotted flaps. Envelope polars
for two single slotted flaps and a double slotted flap on the
NACA 23012 airfoil are shown in figure 45. The dr%-
coefficients at intermediate e Iift coefficients are considerably
higher for the double slotted flap than for the singIe dotted
flap. At higher lift. coefficients, the drag of the airfoil with
the double slotted flap is Iower than that with the single
slotted flap, principally because the separation of the air
flow is delayed to higher Iift. coefficients. A sindar com-
parison for m.rious types of slotted flaps on the NACA 23021
airfoti is shown in reference 42. A comparison of envelope
polars for & NACA 23012 and 23021 airfoils is shown in
figure 46. The drag coefficients of the hTACA 23012 section
are lorver than those of the XACA 23021 section for aII lift
coefficients IEIOW about- 3.0; abo-re this Mt. coellicient., there
is very Iit tle difference between the two airfoik.

In the flap-retracted condition, double sIotted flaps are
subject to the same increments in minimum drag coefEcient
with flap retracted as singIe slotted flaps. In order to obtain
h-meat drag tith flap retracted, every attempt shouId
therefore be made to fair over the slot- entry and to seal the
flap gap in the retracted condition.

Pitching moment.—The pitchhg moments of airfoiIs with
double slotted flaps should be similar to those of airfoiLs -with
single s.Iotted flaps and should show the same sort of agree
ment -with the thin-airfoil theory. There are not. enough
data available to show this effect completely since most of
the double-slotted-flap data have been obtained with flaps
of about the same size. Comparisons made with a few of the
combinations for vihich data are avduble, however, show
that the -dues of Ac~/Acl for double slotted flaps agree
very welI with those of single sIotted flaps of the same size
when the coefficients are defined on the basis of total chord.

FIap loads and moments. —Data on the aerodynamic loads
over double slotted flaps on severed airfoiI sections are shown
in references 45 and 50. The flap part of a double slotted

c%-
.&
.$!

u

~

4
u

4

Jectkn [ft ccefEcknt Cr

l+lmn~ #.-Crkmp@xm of envelope@em for an NAOA 23312efrfoUec@pped wfth
a double slotted fkip and two she of @e slotted fips. R-35XI@; refecenee41.
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flap is usuaIIy located geometrically in about the same
position reIative to the vane trailing edge as single slotted
flaps are rdative to the wing slot Lip. The aerodynamic
Ioads on these flaps are therefore of about the same order
of magnitude as those on singIe sIot t ed flaps. l~anes of. ._.-
double slotted flaps are effectively the Ieading-edge portions
of highIy deff ect ed flaps and are usualIy higldy cambered.
For these reasons, the aerodynamic loads on these vanes are
usualIy Yery high and nornd-force coefficients as high as 5.0
have been measured on the vanes of hig$dy deflected double ._
slotted flaps.

T’anes of doubIe sIotted flaps are frequently Iocated at
positions where a large portion of their length extends under
the wing sIot lip. In such a position, with a converging
passage all the way to the traiIing edge of the sIot lip, the
minimum prsure is measured far back on the vane. Other
double slotted flaps are so positioned tkat the vane is ac-
tua.lIy behind the wing slot lip and the pressure distribution
reaches a peak at the vane Ieading edge. It may etisily be
seen from these considerations that the aerodpmnic moment
and the pressure chord forces on these vanes depend to a
great extent on -rane position and may vary o~er a very
wide range. FIap and vane load characteristics for the air-
foil double-sIotted-flap combination, for which lift data are
shown in figure 41, are presented in figure 47. These data
show that flap and vane load characteristics for this con-
figuration vary in a reguIar manner with flap deflection up
to a deflection of 40°, at which deflection the lifts and flap
loads cease to rncrease -with deflection and the variation of
ffap loads viith Hit coefEcient becomes erratic.

FIGCEE M.—Comparison of enve@ polam for two akfoil ~tions eqnfp~ wfth double
dottedflaw. R-8.5XW.
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Secfkm ift coefftbimfl C(

(a)Flap.

FIGUEE47.-Seetion force and moment chumcterfeliesfor the donblo~otted-llnp
ammzoment on an NAOA W-4X (flPPrO~) ahfo~ Wtid 9~t+nW*kt
emmslon (SW fig. 42 (b)). R+L4Xf@.

EXTERNAL-AIRFOIL FLAPS AND VENETIAN-BLJND FLAPS

Two other devices, external-airfoil flaps and venetim-blind
flaps, which operate on principles similar to slotted flaps are
deserving of note although they are perhaps not as widely used
as other types. External-airfoiI flaps are actually separate
lifting surfaces mounted externally to the -wing near the
trailing edge. For normal flight conditions the flap is kept
at a small angle relative to the wing and for Ianding or take
off the fkp is deflected to a position very similar to that for an
extensible sIotted flap. Data are presented in references 12
and 52 to 66 for several airfoil sections equipped with
external-airfofi flaps. Maximum Iif t coefficients of airfoik
with external-airfoiI flaps are shown to be similar to those
obtained with slotted flaps of similar size when the coeffi-
cients are based on the area of the airfoil alone. Since the
external-airfoil flap remains exposed to the air stream
whereas the slotted flap is retracted to fomn the original
airfoil contour, external-airfoil flaps produce slightly higher
drag in the high-speed configuration than slotted flaps which
provide the same maximum lift coefficient. Considerations
of the flow around the airfoil and flap indicate that the
ext,ernal-airfoiI flap should also be susceptible to icing
hazards in the high-speed configuration. For t.hwe reasons
(that is, no greater nmximurn lift than slotted flaps, high
drag in the high-speed ccmtiguration, and possible icing
problems) external-airfoil flaps have not been widely ac-
cepted although they offer some advantage over other types
of flap in providing lateral cent rol with a-full-epan flap.

..
v 50 4 —

D55 —

_ _ _ -=~$ ‘ ‘- (d
-.4 0 .4 .8 12 LS 2.0 2.4 2,8 3.2

Sect& fift coeffkkrrt, cd

(-b)Vmc.

FIGCEB47.—Condudrd.

Venetian-bhml flaps are made up of u systwn of rclalivc]y
smaIl chord slats. Data are presented in references 57 and
58 for an NACA 23012 airfoil equipped with various vcnrtinn-
bIin&flap configurations. Variations in size and munbcr of
slats, deflection of the flap system as a whole, and individual
deflections of the various slats were considered in these
investigations. The data show that tho mul[ iplwdat flaps
did not give significantly higher mnimum lifts than a single
clotted flap of the same tottil chord but gave Comidwwbly
higher pitching moments,

SUMMARY OF SLOTTED-FLAP DATA

S1otted flaps are shown to provide highw maximum lifL

coefficients than any of the otlwr dcviccs discussed. 130uIJ1c
slotted flaps are more efficient, particularly for airfoils or
small thkkness ratios, thtm siugle S1OLLUIflups. Incrmsws
in total chord are shown to provide incmmscs in maximum
lift co@ients of single slotted Iitips, whcthrr ob(tiincd by
increasing the flap size or irtc.rcasing the dot-lip cxlclwion.
Sharp cornem or skirt &xteusions at the s~ot eulry me slmwu
to reduce the maximum lif~ coc&ients of t.hic.k airfoils with
slotted flaps although the entry condition seems t.a IMve
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lit tIe effect on the maximum lift. coefEcient9 of thin a:irfoils
with sIotted flaps. Bending down the slot lip to direct the
air flow down over the flap has been shown to have an
advantageous effect on maximum lift codicient. Data that
are available seem to indicate that flap noses should have
shapes simiIar to those of good airfoil sections. The best
positions for highest maximum Iiit coefficients of doubIe
slotted flaps seem to fall within fairIy -@ldcfined limits
although a few cases are shown where the best position falls
outside these limits. The best positions of single slotted
flaps are not m WFN defined. Maximum lift coeftlcients of
both single and doubIe slotted flaps are very sensitive to
flap position, however, and optimum coniiguratione cannot
be predicted with any degree of accuracy.

Drags of airfoik with both singIe and double sIotted flaps
are Iower than those of airfoik w-ith plain or split flaps because
the separation of the flow over the flap at reIatidyIow deflec-
tions is prevented by the boundary-layer-contrcd action of
the slots. At a given liftt coefficient, the drag of airfoik
with sIotted flaps is lowered if either the flap size or the slot-
Lip extension is increased. At moderate lift coefficients, the
drag coefficients of double slotted flaps are higher than those
of single slotted flaps.

Pitching moments of airfoils with both single and double
dotted flaps are of the same order of magnitude as those
shown by thin-airfoil theory if the pitch% moments of the
slotted flaps are defined on the basis of tottd chord with
flap extended.

~Normtd-force coeflkients of singIe slotted flaps or the
flap parts of doubIe slotted flaps are of approximately the
same order of magnitude and usualIy reach maximum
values of 1.6 or 1.8 at high flap deflections. Very high
normal-force coef6cienta (as huge as 5.0) are encountered
on wines of doubIe sIotted flaps, and aerod~amic moments
and pressure chord forces can -vary over wide ranges depend-
ing on vane position.

L~KGLE~ AERO~AUTTC~LJABORtTORY,
IVATIONAL ADVISOH COMMITTEE FOE AERoxAmTcs,

L.41iGLEYFIELD, l’~.,.WY 19,1948.
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